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Abstract 
Surface passivation is one of the key factors to the high efficiency solar cells. In this paper negative charge dielectric films (Al2O3)x(TiO2)1-x  
used as backside surface passivation for crystalline silicon solar cells were prepared by the low-cost sol-gel method. The relation between the 
passivation properties of the films and the preparation technology was investigated and optimized. The surface passivation characteristic of the 
alloyed (Al2O3)x(TiO2)1-x thin films are in correlation with sintering temperature. The surface recombination velocity of 1260 cm/s of the thin 
layers can be achieved at sintering temperature 400 ºC. The alloyed dielectric films also have feasible optical properties which can be acted as 
backside reflector if combined with metal contact. 
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1. Introduction 
Surface passivation of crystalline silicon is becoming increasingly important for the performance of crystalline silicon solar 
cells. Surface passivation is not only used for high efficiency solar cells, but also for the commercial crystalline silicon solar cells. 
At the moment the screen-printed aluminum Back Surface Field (Al-BSF) is mostly used for the backside passivation in industry. 
For the wafers thicker than 200 ȝm the efficiency of industrial silicon solar cells is independent on the wafer thickness. However, 
the electrical characteristics will get worse when the thickness thinner than 180 ȝm if the Al-BSF still is used.  
In order to find the alternative thin films, thermal dioxide (SiO2), silicon nitride (a-SiNx:H) and amorphous silicon (a-Si:H) are 
usually chosen for the surface passivation of crystalline silicon solar cells. The SiNx:H thin films with large fixed positive charge 
have been investigated intensively [1-3]. However, the growth of SiO2 film is a high-temperature and long-circle growth process, 
while the silicon nitride is not fit for passivation of the p-type silicon wafers due to its fixed positive charge. As for amorphous 
silicon thin film, the performance of the solar cells passivated by it is not clear for a long time.  
A material that has recently regained interest for the passivation of crystalline solar cells is metal oxides with fixed negative 
charge especially aluminum oxide [4-5]. More contributions demonstrate that Al2O3 deposited by atomic layer deposition (ALD) 
has good surface passivation on various c-Si surfaces [6-8]. The passivation of Al2O3 thin films is achieved by the means of field 
induced surface passivation due to a high density of fixed negative charges stored at the interface. By using plasma-assisted ALD, 
efficiency of 20.6% was gained on p-type crystalline silicon solar cell at ISFH, Germany [9].  
In this paper the low-cost Sol-Gel method was used for the preparation of Al2O3 based alloyed thin films. In view of the 
excellent optical properties of TiO2 thin films, the alloyed dielectric films of (Al2O3)x(TiO2)1-x were prepared and studied to find 
out the possibility of surface passivation for crystalline silicon wafers. The advantages of the deposition process are its simplicity, 
low cost and suitability for high throughput. The surface passivation as well as optical properties of the dielectric films was 
investigated. 
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2. Experimental 
2.1 Preparation of aluminum sol 
The precursor of aluminum sol is AlCl3 which was dissolved into the absolute ethanol to get the sol. The chemical reaction 
between AlCl3 and ethanol can be written as: 
(1)3 2 3 2 5 33 ( )AlCl C H OH Al C H O HCl o   
The pH of the resultant solution was controlled in the range of 1-1.2. 
2.2 Preparation of titanium sol 
The reagents for the preparation of titanium sol are acetylacetone and titanium ethoxide. The titanium ethoxide, acetylacetone 
and absolute ethanol were mixed together to form A solution; while absolute ethanol, deionized water and acetic acid were made 
up of B solution. The titanium sol was prepared by mixing B solution into the A solution.  
2.3 Preparation of (Al2O3)x(TiO2)1-x thin films 
Both sols are mixed in suitable rations and the working solution is finally obtained by using orthogonal design experiments. 
The desired solution for the thin films preparation is with molar ratio Al:Ti=2:1.  
The (Al2O3)x(TiO2)1-x thin films were prepared through the spin-coater. The mixed solution as starting materials was spun on 
the silicon wafers which were in two stages, firstly, the solution was spread on the silicon substrate at a spinning rate of 400 rpm 
speed for 10 s, and then the rate was accelerated up to 6000 rpm and held for 30 s.  
After deposition the alloyed dielectric films were dried in order to remove organic solvents, then the (Al2O3)x(TiO2)1-x films 
were formed through thermal processing at above 350 ºC for 60 min. The optimization of the thin films preparation through 
orthogonal design experiments is: Al, Ti molar ratio of 2:1, drying temperature 90 ºC, drying time 20 min, the sintering 
temperature 400 ºC, and sintering time 60 min. 
The dielectric thin films have been investigated using different methods for materials characterizations. Reflectance was 
measured for the optical characterization, and microwave Photo Conductance Decay (ȝ-PCD) methods was used to measure the 
lifetime of the minority carriers. The surface recombination velocity Seff was calculated from the effective lifetime. 
 
Fig. 1: Surface morphology of the thin films deposited at different conditions 
3. Results and discussions 
3.1 The influence of spin coating technology on the surface morphology of (Al2O3)x(TiO2)1-x films 
In this paper the drops of mixed sol was dripped onto the silicon substrates when the spin coater spun at a low spinning rate. 
So, the location, speed of the drops and speed of the spin coater have influence on the surface morphology of the films. Figure 1 
shows the surface morphology at different spin coating technologies. 
If the drops depart from the rotary center, the substrate will be uncovered completely; the morphology of the films is shown as 
picture (a) in Figure 1. The speed of the sol drops cannot be too slow; otherwise, the film will be inhomogeneous which can be 
seen in picture (b). The picture (c) in Figure 1 is caused by the unsteadily speed of the spinning. The morphology of picture (d) is 
desired effect of the spin coating, from which we can see that the film is quite homogeneous. However, the uniformity of the 
alloyed films changed at different sintering temperatures. The SEM images of alloyed films sintered at different temperatures are 
displayed in figure 2. From figure 2 we see that the SEM micrograph of the films shows more uniformity sintered at 350 ºC 
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( seen in figure 2, (a)) than that at 750 ºC (seen in figure 2, (b)). So, the thickness of the alloyed films must be high enough for 
the sake of high quality of the passivation. 
 
(a)                                                    (b) 
Fig. 2: SEM micrographs of alloyed films at different sintering temperatures.  
(a) sintered at 350 ºC; (b) sintered at 750 ºC. 
 
Fig. 3: Mapping of minority carrier lifetime of the samples with (Al O ) (TiO )  films 2 3 x 2 1-x
3.2 Characterization of surface passivation of the alloyed films 
  The effect of surface passivation of the alloyed thin films was reflected by the lifetime of the minority carriers. Figure 3 is 
the mapping of minority carriers lifetime of the samples which were sintered at different temperature.  
In Figure 3, a-2, b-2 and c-2 are the mapping of minority carrier lifetime of three samples sintered at 300 ºC, 350 ºC, and 400 
ºC respectively, while a-1, b-1 and c-1 are the mapping of the three corresponding samples without sintering. From the pictures 
we can see that after sintering the lifetime of minority carrier changes little at low temperature 300 and 350 ºC, which indicates 
that the (Al2O3)x(TiO2)1-x films have no passivation effect on the silicon wafers sintered below 350 ºC. However, when the 
sintering temperature increased to 400 ºC, the lifetime improved rapidly (seen in picture c-2). The average lifetime of the sample 
after sintering at 400 ºC is about 6.37 ȝs, and the highest lifetime is close to 8ȝs, which is much higher than that of the samples 
sintered below 400 ºC. 
The surface recombination velocity Seff  is one of very important parameters of solar cells. It reflects directly the passivation 
quality of the passivation layers. The value of Seff can be calculated from the effective lifetime through the given formula[10], 
which is considered as the upper limit valuesǄ 
22( 1/ ( / ) )eff
W
S
D WW S
 

 (2)
In the formula, W is the thickness of the silicon wafer; effW  is the effective lifetime and D is the diffusion coefficient of 
minority carriers. When the temperature is 300 K, the value of D is 34cm2/s. In this paper, the original thickness of the silicon 
wafers is 180 ȝm. After removing the saw damage the actually thickness of wafer is about 160 ȝm, thus, W is 160 ȝm. Suppose 
the average lifetime is 6.37 ȝs, then, the surface recombination velocity Seff can be calculated according the above formula. So 
the calculated surface recombination velocity Seff is 1260 cm/s. The result of the Seff is quite good compared with that of the 
54  Zongcun Liang et al. / Physics Procedia 18 (2011) 51–55
conventional screen-printed Al-BSF which reduce the surface recombination velocity at the backside to the values between 1500 
and 5000 cm/s. From the experiment results we can see that the (Al2O3)x(TiO2)1-x thin film is one of the promising candidates to 
be applied as surface passivation layer for the crystalline silicon solar cell. 
3.3 Optical characterization of (Al2O3)x(TiO2)1-x films 
The optical characterization of the (Al2O3)x(TiO2)1-x films were studied through the reflectivity measurement. The reflectivity 
of the alloyed films is shown in Figure 4. 
 
Fig. 4: The reflectivity of the samples with (Al O )2 3 x(TiO )2 1-x films 
From Figure 4 we see that the reflectivity of the silicon wafers with (Al2O3)x(TiO2)1-x films is lower than that of the naked 
silicon wafers. The lowest average reflectivity is the samples with saw damage etched, which is about 23.3% during 300 to 1200 
nm wavelength. This reflects that the dielectric (Al2O3)x(TiO2)1-x films have good properties of reflection. As we know, the solar 
cells with conventional Al-BSF have poor backside surface reflection. The photons with long wavelength penetrate silicon 
wafers easily without being absorbed in case of the thin silicon wafers (below 180 ȝm). Since the (Al2O3)x(TiO2)1-x films have 
feasible reflectivity, it can be served as backside reflector if combined with metal contact such as aluminum. The reflectivity of 
the (Al2O3)x(TiO2)1-x /Al backside reflector can be achieved according the following equation[11]: 
(1 )(1 ) ( )
T fe
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fe ft T fe ft
R R
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 (3)
is the internal back surface reflectance, RRb T is known from hemispherical reflectance measurement, Rfi is the constant 
provided that BSF is Lambertian, R =92%, and Rfi fe is the external front surface reflectance. For the screen-printed reflectors, 
usually Rb >> R , so, the above equation is relatively insensitive to the errors in the value of Rfe fe, thus, it may be used to estimate 
the Rb. And the Rb can be fitted according to the reflectivity measured. The results are summarized for individual wavelengths in 
the range of interest such as 900-1200 nm, the calculated Rb is beyond 85% between 900-1200 nm. Compared with below 67% 
internal back surface reflectance at long wavelength of the solar cells with Al-BSF, we can easily see that the (Al2O3) (TiOx 2)1-x 
films could improve the back surface reflection effectively of the solar cells if combined with backside metal contact. 
4. Conclusion 
Dielectric (Al2O3)x(TiO2)1-x thin films were prepared by low-cost Sol-Gel method, and the properties of the thin layers were 
investigated. The surface passivation characteristic of the (Al2O3)x(TiO2)1-x thin films is in correlation with sintering temperature. 
The surface recombination velocity of 1260 cm/s of the thin films can be achieved at sintering temperature 400 ºC. Beside the 
desired passivation characteristic, the (Al2O3)x(TiO2)1-x dielectric films have also feasible reflectance characteristic, which can be 
acted as backside reflector if combined with metal contact. The results show that the (Al2O3)x(TiO2)1-x thin layers can be used not 
only as passivation layer used in solar cells, but also as the backside reflector due to its’ favorable reflectance at long wavelength 
ranges.  
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